We derive a simple three parameters conductance formula for wires with monovalent atoms. The functional form of the formula is the most general in the framework of ballistic transport through the chain. The parameters in the formula are related to the nature of the coupling of the wire to the leads and independent of the length of the atomic chain. These parameters can be determined from a first-principle calculation. The conductance formula were confirmed by atomistic calculations. One of the parameters, the phase shift strongly affects the oscillatory behavior of the conductance. We comment the results known in the literature in terms of our formula.
We derive a simple three parameters conductance formula for wires with monovalent atoms. The functional form of the formula is the most general in the framework of ballistic transport through the chain. The parameters in the formula are related to the nature of the coupling of the wire to the leads and independent of the length of the atomic chain. These parameters can be determined from a first-principle calculation. The conductance formula were confirmed by atomistic calculations. One of the parameters, the phase shift strongly affects the oscillatory behavior of the conductance. We comment the results known in the literature in terms of our formula. In the last two decades the transport properties of atomic contacts have been the subject of intensive research (see e.g., an overview by Ruitenbeek 1 and Agraït, Yeyati and Ruitenbeek 2 ). The conductance quantization in atomic constrictions under adequate circumstances was first predicted by Ferrer et al. in Ref. 3 . The conductance shows slight oscillations as functions of the bias voltage and the electrode separation due to the quantum interference of partial electron waves backscattered from defects 4, 5 . In the past years it has been discovered that in atomic chains the conductance also shows an oscillatory behavior as a function of the number of atoms in the chain between the electrodes. This anomalous behavior of the conductance was first predicted by Pernas et al. 6 and Lang 7 which was followed by several theoretical works using different methods 8, 9, 10, 11, 12, 14, 15, 16, 17, 18, 19, 20, 21 . The first experimental evidence of the conductance oscillation as a function of the wire length has been reported recently by Smit et al. for chains of Au, Pt and Ir atoms 22 . Using the density-functional theory it has been predicted that the conductance of Na atom chains is close to the conductance quantum 2e
2 /h for odd numbers of atoms, and below for even numbers of atoms 7, 12, 14, 18 . In the literature it is called even-odd effect. Similar even-odd effect has been found theoretically for other monovalent alkalimetal atoms such as Cs atoms but an opposite behavior has been observed for noble-metal atoms (Cu, Ag and Au) 21 , i.e., the conductance is higher for even number of atoms than that for odd number of atoms. The evenodd oscillation of the conductance for atomic wires of Na atom has also been confirmed using a pseudoatomjellium model, but a strong dependence of the conductance on the lead cone angle has been predicted by Havu et al. 17 Applying the first-principle recursion-transfermatrix method Hirose at al. have shown that the bonding nature of the atoms at the contact plays a crucial role in the transport properties 20 . In contrast to the even-odd behavior, Thygesen et al. have shown that the conductance of mono-atomic Al chains shows a four-atom period oscillation when varying the length of the wire 19 . Zeng and Claro 16 , and Lee and Kim 15 have studied the effects of the symmetries in atomic wires and found that the conductance of atomic chains with mirror symmetry and odd number of atoms is always the conductance quantum 2e 2 /h. Rodrigues et al. investigated the energetically preferred orientation of the crystal planes of the wire by the application of high-resolution transmission electron microscopy 23 . Their results clearly show the strong correlation between the atomic arrangement and the conductance behavior.
Regarding the even-odd behavior in the conductance, the above mentioned and often contradictory theoretical predictions suggest the lack of complete understanding of this phenomenon. In the literature various models have been proposed to interpret physically the results mentioned above. In the standing wave model proposed by Emberly et al. for explaining physically their numerical results for Au wires, an effective wire length between the contacts was introduced to take into account the coupling between the contacts and the wire 9 . To understand the different oscillatory behaviors of the conductance through the chain of monovalent alkali-metal and noble-metal atoms a simple barrier model has been suggested by Lee et al. in Ref. 21 . The even-odd behavior observed experimentally by Smit et al. has been interpreted by a simplified one-dimensional free-electron model 22 . However, these models are not appropriate enough to treat the even-odd phenomenon in a common framework. Recently, a model based on the partially filled resonant states has been developed by Sim et al. 12 and further extended by Lee et al. in Ref. 13 . This model provides a unified way to describe the role of the number of valence electrons, charge neutrality and orbital shapes. The resonant transport model has also been used by Thygesen and Jacobsen to explain the four-atom period oscillation of the conductance for Al wires 19 .
In this work, we propose an alternative model based on the scattering matrix approach. Our aim is twofold. First, we derive a very simple but completely general form for the conductance as a function of the length d of the chain of monovalent atoms. Second, we demonstrate the validity of our general conductance formula by comparing the conductance calculated from atomistic calcu-lations for different bulk orientation of the contact with that obtained from our general conductance formula.
We assume one channel mode in the wire (valid for monovalent atoms) but in the leads many conductance channels are allowed. Thus, the transport in the wire is a one-dimensional problem and similar to that of the Fabry-Perot interferometer in optics. We show that the conductance of the atomic chain is an oscillating function of d supporting the earlier theoretical predictions. In our simple conductance formula the details of the coupling of the chain to the leads are characterized by three parameters. These parameters are independent of the length of the chain and can be calculated for example from a firstprinciple atomistic calculation. Among these parameters, one of the most important is the phase shift resulting from the reflection at the leads for electrons coming from the wire. This phase shift strongly affects the even-odd behavior of the conductance and provide a physical interpretation for the observed deviation from the even-odd behavior reported, e.g., in Ref. 17 . The scattering matrix approach can easily be extended to wires with multivalent atoms such as Pt and Ir used in Ref. 22 . However, the unknown parameters in the conductance formula will be more than three rendering the problem more complicated.
We now turn to derive our general expression for the length dependence of the conductance for monovalent ballistic atomic chain. The scattering approach is used to calculate the conductance of an atomic chain of length d = (n + 1)a, where n and a are the number of atoms and the lattice constant in the chain. The system of leads connected with the atomic chain is decomposed into three segments: i) connection point between the left lead and the atomic chain, ii) the atomic chain itself, iii) connection point between the atomic chain and the right lead. Each segment is characterized by a scattering matrix.
The coupling between the left (right) lead and the chain is represented by the scattering matrix S L (S R ):
, and
where r L and t L (r ′ L and t ′ L ) are the reflection and transmission matrices at the left connection point for incoming modes from the left lead (from the atomic chain). Similarly, r R and t R (r ′ R and t ′ R ) are the reflection and transmission matrices at the right connection point for incoming modes from the atomic chain (from the right lead). Note that r ′ L and r R describe reflection for incoming and outcoming one channel modes. Thus, they are one by one matrices, i.e., scalars and can be written as r 
is the number of propagating modes in the left lead (in the right lead). The unitary relations hold for each scattering matrix. Finally, the general form of the two by two scattering matrix X for the one dimensional chain of length d is
where k is the wave number at the Fermi energy. Here, for simplicity, a perfect transmission through the wire is assumed.
Combining the scattering matrices S L , X and S R of the three segments it is easy to find the transmission matrix through the three segments 25 :
which is an N R by N L matrix. The denumerator in this expression comes from the sum of an infinite series in the transmission amplitude due to the multiply reflections at the two ends of the chain. From the Landauer-Büttiker formula 25,26 the conductance (in unit of 2e 2 /h) is g = Tr (tt + ). Using Eq. (3) and the unitary relations for S L and S R one finds the general d dependent functional form of the conductance:
where ϕ LR = ϕ L + ϕ R . This is our central result and the most general form of the conductance through a monovalent ballistic atomic chain. Note that in (4)r ′ L ,r R and ϕ LR are scalars depending on the details of the coupling of the chain to the leads and the Fermi energy but they are independent of the length d of the chain. Thus, the conductance is a periodic function of the length d of the chain. The parametersr ′ L ,r R and ϕ LR , in general, can be determined from atomistic calculations.
Similar result has been obtained from the barrier model 21 and a model based on the simplified onedimensional free-electron picture 22 . However, there is a crucial difference between these models and our result. In the conductance obtained from the free-electron and the barrier model ϕ LR = 0, while in our general result (4) the phase shift ϕ LR is not necessarily zero. Thus, the even-odd behavior of the conductance depends (through the phase shift ϕ LR ) on the details of the coupling of the chain to the leads and could provide a reason for the different predictions in the literature 7,9,16,17,21,22 . It is obvious from (4) that the conductance g becomes unit when the two leads are the same (r ′ L = r R ), and the cos term in (4) is 1. In tight-binding approximation the dispersion relation is ε(k) = E 0 + 2γ cos(ka), where E 0 and γ are the on-site energy and the hopping energy. Thus, for a chain of monovalent atoms the Fermi energy is E F = E 0 and the Fermi wave number is k = π/(2a). Then, for ϕ LR = 0 and for odd number of atoms n in the chain the conductance is g = 1, and smaller for even n in agreement with the results in Refs. 15 To check our conductance formula (4), we perform atomistic calculations of the conductance through an atomic chain placed between two leads which are formed from semi-infinite stack of planes. In particular, we consider a system with the wire normal to the left and right leads made from stacking of either (100), (110) or (111) planes of fcc crystal lattice. The connection of the wire depends on the orientation of the leads. Namely, for (111) (100) and (110) planes the first (last) atom of the chain is connected to 3, 4, 5 atoms of the leads in the nearest neighbor approximation, respectively. Thus, the bonding nature of the wire to the leads are different for the three different planes. Therefore, one can expect a sensitive change in the phase shifts ϕ LR for the different lead-wire configurations. This is one of our motivation for studying these lead configurations.
Using the Green's function method based on a simple tight-binding Hamiltonian developed by Todorov et al. 24 the conductance at energy E is
where α and β denotes the normal of the planes (which are either (100), (110) or (111) S ij , and
where S ij = 1+cos are the matrix elements of the Green's function between layer l and m of lead specified by α planes consist of N by N atoms with periodic boundary conditions. In the case of stacking of (111) planes the Green's function G (111) lm has already been derived by Todorov et al. 24 . In a similar way, we calculated the Green's function G (100) lm for (100) parallel planes. However, for stacking of (110) planes their method cannot be applied because every atom has neighbors not only on the first but on the second adjacent layers as well. In this case we used the Haydock recursion 27 to calculate the Green's function G (110) lm numerically. Smoothing the density of states is achieved by the commonly used termination of the recursion. Finally, in Eq. (5) s 1 |Ĝ(E)|s n are the matrix elements of the total Green's function of the system between the first and the last atoms of the chain calculated from the Dyson equation. Note that Eq. (5) has the same form as that of the usual resonant tunneling transmission formula around a resonant state 28 . The three unknown parameters in our general conductance formula for each case can be determined from the numerical results of any atomistic calculations. For example, the conductance obtained from (5) for identical leads with given planes, say α, allows us to determine the parameters r ′ L = r R and ϕ LR appeared in formula (4) which we denote, for simplicity, by r α and ϕ α , respectively. For a symmetrical system with another plane orientation of the leads, say β, one can find in a similar way the parameters r β and ϕ β . To determine the conductance of an asymmetrical system with leads oriented as α and β, we need to substitute r ′ L = r α , r R = r β and ϕ LR = (ϕ α + ϕ β )/2 into formula (4). Finally, the result can be compared with that calculated from (5). This fact allows us to check numerically our general conductance formula in an indirect way. The results are shown in Fig. 1 at energy E slightly different from the Fermi energy of the chain which is E F = E 0 corresponding to the half filled band of the chain. Note that exactly at E = E 0 from (4) the conductance takes only two values for even and odd n in the chain, therefore it is not possible to extract the phase shift ϕ LR from the length dependence of the conductance. One can see form the figure that the agreement is excellent. Similarly, very good agreements were obtained for the other two asymmetric arrangements, as well as for different energies E between the interval (E 0 − 2γ, E 0 + 2γ) and length of chain up to d = 300a (which is of course interesting only in theoretical point of view). We mention that for the results shown in Fig. 1 the phase shift ϕ LR = −2.08 for lead configuration α = (100) and β = (110) but ϕ LR = −0.78 for α = (111) and β = (111). This implies that the evenodd behavior is sensitive to the lead configuration and can be opposite to that normally expected.
We now comment some of the result in the literature in terms of the general conductance formula (4). We believe that this formula derived from the scattering approach, in some sense, unifies and captures the essential feature of the earlier models 9, 21, 22 reported in the literature. Moreover, as it is known, the resonant assisted transport such as developed in Refs. 12,13,19, in general, can be interpreted by the scattering matrix approach (see e.g. Ref. 29 and references therein).
The results in Fig. 6 of Ref. 17 show that the phase of the periodic oscillation of the conductance as a function of the number of atoms in the chain very sensitively depends on the cone angle of the leads. This can be interpreted in such a way that the phase shift in our conductance formula depends on the cone angle of the leads. Similarly, the results for noble-metals in Ref. 21 and for Na chain in Ref. 20 show that the phase shift strongly depends on the nature of the contact.
According to the formula (4) the period of the conductance oscillation is related to the Fermi wave number k which depends on the Fermi energy through the dispersion relation ε(k). The four-atom period oscillation of the conductance observed in Ref. 19 may also be interpreted along this line.
In the recent experiment for Au wires the sample to sample average of the conductance also oscillates with the number of atoms in the chain 22 . However, the amplitude of the oscillations is rather small, less than about 0.05 in unit of 2e 2 /h. Neglecting the sample dependence of the reflection amplitudesr ′ L ,r R in formula (4) and assuming a uniform distribution for the phase shift ϕ LR over the interval [0, 2π] , one can calculate the average conductance by integrating formula (4) in terms of ϕ LR . The simple calculation results in an average conductance independent of the length d of the chain. Since the experimental result of the average conductance shows a small amplitude oscillation, the sample dependent distribution of the phase shift ϕ LR is not uniform but and/or the reflection amplitudes depend on the sample. This result suggests the importance of the sample dependent statistical analysis of the calculated or measured conductance for the better understanding of the oscillation behavior of the conductance. We think that the formula (4) through the functional form of the conductance can be useful for such an analysis and any atomistic calculations.
